Introduction
As the resolution of genome analysis has steadily improved over the past 20 years, an ever increasing number of human genetic diseases resulting from the loss of specific chromosomal segments has been recognised. Although some of these syndromes result from the accumulated loss of several genes, 1 other complex phenotypes may result from the loss of a single haploinsufficient gene. 2 Identification of such critical gene(s) within a segment of the genome, defined by a series of deletions in patients with a particular phenotype, may be confounded by a number of factors such as chromosomal position effects, 3 parental imprinting 4 and genetic background. 5 Therefore it will be important to establish some guidelines that might help to identify likely candidates for critical, haploinsufficient genes. To date, relatively few genes of this type have been identified; nevertheless, provisional observations have highlighted those encoding proteins that are expressed at high levels, those that form multimeric complexes and those known to be involved in the early stages of developmental pathways. 6, 7 mild to moderate mental retardation and facial dysmorphism with deletions involving the terminal 2 Mb of 16p13.3 (ATR-16 syndrome; OMIM 141750, [http://www3.ncbi.nlm.nih. gov/omim]). Although many of these cases are complicated by additional aneuploidy, 8 ± 10 others have pure monosomy for the terminal region of 16p. 11 In all such cases the presence of a thalassaemia is simply explained by haploinsufficiency for the a globin genes. However, it is not clear which gene(s) are responsible for the associated developmental abnormalities.
We recently sequenced and characterised all of the genes within the terminal 284 kb of 16p13.3. 12 Here we have extended this analysis to 356 kb of the 16p telomere to study the effect of 21 deletions (not including the common inherited forms of a thalassaemia). The deletions range from 2.7 ± 268 kb deleting from 1 ± 15 genes from this region. All of the patients were originally identified because they have a thalassaemia and pure monosomy for the terminal region of human chromosome 16p. Although most of the genes in this region have been highly conserved throughout evolution and are known to be involved in a variety of important housekeeping functions, signalling pathways and critical developmental pathways, somewhat surprisingly, none of the deletions causes any discernible phenotype other than a thalassaemia. These findings contrast with the effects of larger deletions (41 Mb) from the 16p13.3 region.
9,11
Materials and methods
Haematological analysis
All haematological studies, including the analysis of haemoglobin and identification of haemoglobin H inclusions were performed using standard techniques.
13
FISH analysis and telomere assay to localise the deletion breakpoints Fluorescence in situ hybridisation (FISH) was carried out as previously described. 14 The telomere assay was performed as described previously.
15
Characterisation of deletion breakpoints Deletion breakpoints were characterised by combinations of Southern blot, PCR analysis and sequence analysis. The centromeric breakpoint of the patient JT was first mapped by FISH. A human/mouse hybrid cell line was established as previously described, 16 containing the abnormal chromosome 16 from patient JT as the only human chromosome. Using DNA from his hybrid, the 3' breakpoint was further mapped along the cosmid c419C1 by PCR using Qiagen 
Results
Extending the analysis of 16p13. 3 We have previously characterised the genes lying within the terminal 284 kb of 16p13.3. 12 Here we have extended this sequence analysis to include the terminal 356 kb and updated the annotation of the entire sequence localising two additional genes (3.1 and 17.1 in Figure 1 and Table 1 ). Public genetic sequence databases were searched with either the known or predicted protein sequences corresponding to each gene. In this way orthologues (related by direct descent from the ancestral gene) or paralogues (related indirectly via duplication of the ancestral gene) corresponding to each gene were identified in commonly studied model organisms (summarised in Figure 1 ). Nullisomy for the a globin genes is known to cause late foetal lethality in man and mouse 22, 23 and nullisomy for AXIN1 (see below) causes death in d8-d10 mouse embryos.
24
Identification of patients with monosomy for the terminal region of 16p13.3
In all of the patients described here and many of those previously reported (summarised in Table 2 ), the initial indication that they had monosomy for 16p13.3 was that they had the haematological phenotype of a thalassaemia ( globin genes from one copy of chromosome 16 (genotype --/aa or --/-a, rather than the normal aa/aa) or deletion of the a globin regulatory element {denoted (aa)} and the genotypes --/aa or --a/aa, as summarised in Table 2 . Although some of them originate from areas of the world where the inherited forms of a thalassaemia are common, 22 many come from outside of these regions and consequently the presence of a thalassaemia was unexpected. These patients had no other clinical abnormalities. Patient JT who has the largest deletion (268 kb) in this group of patients (see below) is of normal intelligence (a university graduate), has no dysmorphism and appeared phenotypically normal in all other respects (also see Discussion). a Thalassaemia was first diagnosed in this patient in a late stage of her first pregnancy, aged 30 years.
Evaluation of chromosomal abnormality by FISH analysis
FISH analysis was carried out on metaphase chromosomes from either peripheral blood or EBV-transformed cell lines from newly diagnosed individuals with a thalassaemia using cosmids and plasmids from the 16p contig (i ± xv in Figure 1 ). In all cases there was a deletion of part of 16p13.3 and the breakpoints could be localised within one cosmid (eg VR) or between two cosmids (eg JT) summarised in Table 3 . When sufficient chromosomal material was available (6/10 cases), a previously reported telomere assay 15 was carried out to identify subtelomeric chromosome translocations. All patients studied in this way appeared to have simple deletions of 16p13.3 with no other chromosomes involved. Where a mutation of a gene has been shown to result in a detectable phenotype, this is indicated by a red circle. A gene was putatively identified as an orthologue of a human gene if there was a reciprocal best match in both species. Where a gene had significant sequence identity to two or more genes in either species and an orthologue could not be unambiguously identified, the gene was classified as a paralogue. This information can be accessed from the URL: http://www.molbiol.ox.ax.uk/~haem/Table1.html. Table 3 ). g 1+1=the alleles are present but undistinguishable.
h Neither parent had a thalassaemia which therefore suggests a de novo deletion, a phenotypically normal girl inherited this mutation from her mother. 
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Molecular analysis of deletions within 16p13.3
Preliminary evaluation of the extent of each deletion was assessed by scoring the number of alleles at the polymorphic, variable number of tandem repeat (VNTR) loci 5'HVR, IZHVR, 3'HVR and HVR120 25 ± 28 in the terminal region of 16p13.3 ( Figure 1 and Table 2 ). In many cases, the presence or absence of these and other probes (available on request) was also assessed by whether or not they identified abnormal restriction fragments on Southern blots after pulsed field gel electrophoresis (PFGE, data not shown). Breakpoints were further localised to different degrees of resolution ( Figure 1 ) by conventional Southern blotting, PFGE and PCR assays (see Materials and methods). In some cases (CL, BR, HW and JT) the breakpoint was cloned and localised precisely by mapping and/or DNA sequence analysis (eg see Figure 2 ). In each affected family, where possible, we established whether the abnormal chromosome had been inherited or passed on to an individual with a thalassaemia via the maternal or paternal line ( Figure 1 and Table 2 ). In this way it was possible to investigate whether some segments of the terminal region of 16p13.3 might be parentally imprinted. However, no differences were seen between patients that inherited a monosomic segment from either parent.
Characterisation of the mechanisms involved in deletions of 16p13. 3 We have previously characterised the mechanisms by which many deletions have occurred in 16p13.3 (summarised in Table 2 ); these include subtelomeric translocation, 8 truncation and healing with telomeric repeats, 11 interstitial deletions due to misaligned homologous recombination 29 and illegitimate recombination. 30 Using previously reported approaches, we demonstrated two additional examples (BR and HW) of chromosome truncation and healing with telomeric repeats (summarised in Figure 2 and legend). Since JT has the largest deletion extending through this region (268 kb) and this is potentially the most informative deletion allowing us to relate a well defined segment of monosomy to phenotype, we characterised this mutation in detail. The centromeric breakpoint was localised by FISH (Table 3 ) between cosmid xii (c314G4) and cosmid xiii (c419C1). This breakpoint was further localised by analysing DNA from an interspecific hybrid (JT9) containing the abnormal copy of chromosome 16 alone. Primer pairs were designed to amplify segments of genomic DNA located in c419C1 (xiii). A positive PCR indicated the segment was present, a negative PCR that the segment was deleted. Ultimately using this approach the breakpoint, confirmed by Southern blot analysis (Figure 3) , was localised to a gap of 268 bp between co-ordinates 301974 and 302242.
The breakpoint was characterised using inverse PCR.
± 19
Southern blot analysis was performed using a variety of restriction enzymes that cut close to the breakpoint and the probe c419C1.7R-12F (302328-303035). Using BfaI, an abnormal fragment (1.6 kb) was identified (normal fragment, 1.7 kb) (data not shown). DNA from the JT9 hybrid was cut with BfaI, circularised and ligated, and amplified by inverse PCR using the primers c419C1.10F and c419C1.9R (Figure 3 ). Further amplification of this product with internal primers (c419C1.7F and c419C1.8F not shown) produced a fragment of 1.1 kb, which was sequenced. A search using this sequence Figure 2 Characterisation of breakpoints in two patients with truncations of 16p13.3. The deletions in HW and BR were delimited using the probe pNFG400 43 and the HVRs described in Table 2 in family studies. In addition, interspecific hybrids containing the abnormal HW and BR chromosomes were analysed by conventional or PFGE Southern blots. As previously described for other chromosome truncations, 44 fragments spanning the breakpoint were heterogeneous in size producing smears' on Southern blots rather than discrete fragments. PCR products across the breakpoints were cloned into SmaI cut puc18 as previously described 44 and sequenced. Comparison of the truncated chromosomes with the normal chromosomal sequence revealed that both breakpoints resulted from a simple break with telomeric healing. The precise breaks could be localised to a single nucleotide in HW and to one of five nucleotides in BR, since a stretch of five nucleotides of the normal sequence was identical to, and in phase with the telomeric array. identified homologies to both c419C1 (xiii in Figure 1 ) and cNFG9 (iii in Figure 1 ) indicating that JT has an interstitial deletion with a telomeric breakpoint in cNFG9. Using this information a new set of PCR primers were designed to determine whether`gap PCR' could detect this putative *280 kb interstitial deletion. Using the primers cNFG9.13F (co-ordinate 33434) and c419C1.9R (co-ordinate 302327) a 919 bp fragment specific for this deletion was identified (Figure 3) . Further DNA sequence analysis showed that the deletion resulted from recombination between two misaligned Alu-Y repeats, the breakpoint lying between coordinates 34035-34092 and 302034-302091 (Figure 4 ).
Discussion
Most cytogenetically detectable chromosomal rearrangements are either lethal or associated with significant phenotypic abnormalities. This conclusion results from both ascertainment bias and from the fact that even the most sensitive cytogenetic analysis (other than FISH) will only detect chromosomal abnormalities involving substantial regions (2 ± 5 Mb) of a chromosome. A few cases of partial monosomy with a normal phenotype have been reported 31 ± 34 but these nearly all involve Giemsa dark bands which, in general, are thought to contain a low density of genes. A rare exception to this has been reported 35 of a normal individual with a terminal deletion of the Giemsa light band 5p15.3. Analysing well defined chromosomal deletions in the context of fully sequenced and annotated human chromosomes will provide precise correlations between genotype and phenotype. In addition, this will allow us to accurately identify regions of the genome that are sensitive to monosomy and the mechanisms by which this affects phenotype. Conversely, it will be equally important to identify gene-rich regions that are not sensitive to monosomy so that one may build a profile of which classes of gene are sensitive to being present as a single copy. From our current knowledge, one can predict that monosomy might cause abnormalities in gene expression in one of three ways. First, it may remove the active copy of a parentally imprinted locus. 4 Second, it may remove one or more haploinsufficient genes. 1 Finally, and by far the least likely, monosomy may rarely unmask the effects of recessive alleles carried on the homologous chromosome. The data presented here address these issues for the most telomeric region of the short arm of chromosome 16.
In the current study we observed no abnormal phenotypes, other than a thalassaemia, associated with any of the deletions (2.7 ± 268 kb) whether they were inherited through the maternal or paternal line ( Figure 1 ). This is consistent with the fact that, to date, there is no evidence that the region studied here is parentally imprinted. In the human locus, the pattern of DNAse1 hypersensitivity, 36 methylation, 37 replication 38 and nuclear localisation (S Amoils et al, manuscript in preparation) appears equivalent for the two 16p homologues in all regions tested. Furthermore, expression of stable allelic variants of the a globin genes is equivalent from both paternal and maternal chromosomes.
39 Figure 4 Sequence of the JT breakpoints. Comparison of the JT breakpoint sequence with the cosmids cNFG9 and c419C1. The recombination event occurred in the sequence delimited with arrows, within an Alu repeat (indicated by a black line beneath the sequence). Inside the recombination zone there is a 26 bp core sequence (black line above the sequence) frequently found in other recombination events 45, 46 which contains the pentanucleotide motif CCAGC that is part of the Escherichia coli recombinational hotspot chi (black box).
The region we have studied contains 15 genes that have been highly conserved throughout evolution. Deletion of at least two of them (POLR3K and LUC7L) produces a lethal phenotype in Saccharomyces cerevisiae. 20, 21 The globin genes are known to be haploinsufficient 22 and mutations of the AXIN1 gene cause well defined phenotypes in mouse. 24 The region analysed here (see Table 2 ) also contains a number of genes that would normally be considered as potential candidates for haploinsufficient genes, being either components of multiprotein complexes and/or involved in developmental pathways.
Of particular interest in this region is the AXIN1 (Axis inhibition) gene. It encodes the protein axin which plays a critical role in the highly conserved Wnt (Wingless/segment polarity) signalling pathway that is essential for development and organogenesis. 40 One of the earliest roles for axin in development is in the formation of the embryonic axis. In mouse, nullisomy is lethal (in embryos between d8-d10) but heterozygotes for loss of function appear normal. 41 Three dominant, gain-of-function mutations (Fused, Knobbly and Kinky) are associated with various abnormalities of axial structures, neural tube defects, deafness and urogenital anomalies. 24 The deletion in JT includes the last 8 exons of AXIN1 and could potentially encode a dominant negative protein.
Careful evaluation of JT revealed no abnormalities in neural or intellectual development. In particular there was no clinical or X-ray evidence for abnormal development of the spine and no evidence for hearing loss using standard audiometry (data not shown). Penetrance of dominant AXIN1 mutations may depend on genetic background 42 therefore it was of interest to note that her daughter, who also carries the AXIN1 mutation, is clinically normal.
A long-standing question is whether the phenotypes associated with monosomy arise from the removal of critical, haploinsufficient genes or the accumulated effects of removing many`subcritical' genes. In this case, the more genes that are removed, the more severe the phenotype would be. While there are clear examples where removal of a single gene has a profound effect on phenotype, it will be much more difficult to test the second complementary hypothesis that, in some cases, many genes contribute to a particular syndrome associated with monosomy for a specific segment of a chromosome. Here we have shown that even in a region containing many highly conserved potentially haploinsufficient genes, indistinguishable phenotypes result from the deletion of either one or 15 genes. Further analysis of the terminal region of 16p13.3, when fully annotated, including patients with much larger deletions (up to 1.8 Mb) and abnormal phenotypes, will allow us to address this important question in further detail.
Accession numbers
HSpTEL (Z84812), HsLAW2 (Z84723), HSNFG9 (Z69719), HSRA36 (Z69720), HSGG4 (Z84722), HSX94 (Z84813), HS24F8 (Z69666), HSGG1 (Z84721), HScos12 (Z69706), HSRJ14 (Z69890), HS310H5 (Z69705), HS314G4 (Z69667), HS419C1 (Z99754), HS333B10 (Z81450), HS415C1 (Z98272).
